Resonance drilling is a new technology, still at the laboratory stage. It has great potential to state mechanical vibration excited by harmonic vibration in rocks and an apparatus was built to achieve other parameters on the rate of penetration (ROP) in resonance drilling was analyzed. The results show that the rock drillability decreased with an increase in excitation frequency. When drilling with a large size drill bit, the ROP increased with excitation frequency. The ROP reached a maximum value at the resonant frequency of the rock. The ROP of the bit increased linearly with rotary speed when no vibration was applied on the rock and increased approximately exponentially when harmonic vibration was applied. In addition, the resonant frequency of the rock was changing during the process of rock fragmentation, so in order to achieve the desired resonance of the rock, it is necessary to determine an appropriate harmonic vibration excitation frequency.
Some researchers have undertaken a series of experiments on rock fragmentation using resonance drilling and found that the cutting rate was 10 times higher than using conventional drilling. Yang et al (2007) investigated rock fragmentation mechanisms and the effect of crack propagation on rock fragmentation in the process of resonance. However, few previous studies have considered the coupled effect of rotary shear and impact vibration on rock fragmentation. Based on the principle of mechanical vibration, a calculation model of steady state vibration response was established. By carrying out experiments, the effect of mechanical and vibration parameters on rock fragmentation during resonance drilling was analyzed. The results provide theoretical guidance for the further application of resonance drilling.
Introduction
Resonance is a common phenomenon in nature (Broer, 2012) . Due to its negative effects, drilling parameters are generally adjusted to reduce the occurrence of resonance a technology to achieve high fragmentation efficiency of rock. Adjusting the impact frequency of drill tools to the natural vibration frequency of the rock formation causes rock resonance to occur, which results in a high rate of penetration. Resonance drilling is a special rotary drilling technique operating at a particular impact frequency interval. High-frequency vibration drilling has been applied in metals, is still in the laboratory research stage. However, the use of resonance in breaking rocks has been applied in engineering and many achievements have been obtained (Ksaibati et al, frequency impact on rock). When external excitation is introduced to a formation, vibration may occur in rock. In our test apparatus, energy input is electrical and excitation output is high-frequency vibration, as shown in Fig. 1 . the most important features in forced vibration. In a low frequency stage (0 < < 1), the displacement amplitude of forced vibration of the rock is close to the static displacement of the vibration system. The system is considered quasi-static. At this time, d
v a stage ( > 1), the rock in the bottom is excited by highfrequency harmonic vibration, the phase of acceleration of the rock is basically the same as the exciting force, but the vibration amplitude is small. At this time, d
v a = 1), for underdamped systems, 0 1 2 0.707 . When the excitation frequency increases slowly, the amplitudes of displacement, velocity and acceleration will reach peak values at resonance occurs, which is similar to undamped vibration. From Eq. (3), we obtain the frequency ratio when the displacement amplitude achieves maximum value.
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In Fig. 1 , the harmonic excitation, which the drill bit imposes on the rock in the bottom of the hole, is:
where A is the external excitation amplitude; is the external excitation frequency, Hz.
The motion equation of a single-degree-of-freedom system under harmonic force is described as follows (Hu, 2005) :
where u(t) is the displacement at time t, m; ( ) u t is the velocity at time t, m/s; ( ) u t is the acceleration at time t, m/s 2 ; k is the stiffness of rock, N/m; m is the mass of the vibration system, kg; and c
In the process of steady-state forced vibration, the rock in the bottom of the hole is subjected to a continuous harmonic external excitation and a steady-state response of the rock is generated. From Eq. (2), we obtain:
where is defined as the ratio of the harmonic force frequency over the undamped natural frequency of rock; B d is the vibration amplitude, m; d the displacement amplitude; is the damping ratio; and n is the natural frequency of the hole bottom rock, Hz.
The magnification factors of velocity amplitude and acceleration amplitude can be obtained from the further derivation. When A, k, m and other parameters of the vibration system are given, the change of B d with can be described by the relation curves between d and . In ideal conditions, i.e. damping does not exist, the resonant frequency is equal to the natural frequency of rock. However, in actual conditions, damping does exist, then the frequency ratio of resonant frequency to natural frequency meets the following equation:
0.5 , no peak is observed in the curve of d . This means that no resonance occurs for the system when 0.707 . Moreover, the dynamic displacement is smaller than the static displacement.
Experimental apparatus
The experimental apparatus and its schematic diagram are shown in Fig. 3 and Fig. 4 . The apparatus generates various vibration excitations, such as low-frequency large-amplitude vibration and high-frequency small-amplitude vibration and can be used to analyze rock fragmentation mechanism induced by a drill bit under the condition of steady-state vibration of the rock responding to external excitation.
A schematic diagram of the high-frequency vibration generator is shown in Fig. 5 . The electrical power is U(t) when the current flows through the low-frequency electromagnetic vibration exciting coil. When current flows through the super magnetostrictive rods and coils in the apparatus, it will produce high frequency vibration excitation F(t), which is transferred to the rock at the bottom by the vibration transmission rod and drill bit. The vibration frequency of apparatus is 1-5,000 Hz and the excitation mass is 0-250 kg.
Oilfield were drilled with a diamond-coated micro drill bit with a diameter of 31.75 mm. In experiments, the drilling pressure was 889.7 N, the rotary speed was 55 rpm, the excitation frequency was 500-1,500 Hz, and the excitation mass was 10 kg. The time required to drill a hole of a depth of 2. The harmonic vibration excitation wave produced by the vibration generator is shown in Fig. 8 . Its amplitude was 0.1 mm, so the wave is an excitation wave of a small amplitude and an intermediate frequency band. A size-limited dynamic load impact region, induced by this vibration, was formed on the rock sample. The periodic stress applied on the rock surface promotes the propagation of cracks from the impact region in the radial direction. This kind of impact region 5 Experimental results and discussion
Micro-drill bit
Several tight sandstone core samples from the Daqing could not only improve the rock fragmentation efficiency, but also prevent the crack from propagating further to the borehole wall, this may effectively enhance wellbore stability. Fig. 9 shows the drillability of core sample 1# at different excitation frequencies. The drillability of rock decreased gradually with an increase in excitation frequency. In a low frequency band (less than 700 Hz), the harmonic vibration frequency was far less than the low resonance frequency of rock. The response of rock to the external excitation was low and then the vibration excitation had a limited impact on the crack propagation. Therefore, the drillability of rock changed very little with vibration frequency when its value was less than 700 Hz. When the vibration frequency reached 700 Hz, the rock drillability decreased gradually with frequency. When the frequency reached 1,500 Hz, the rock drillability decreased by 25.6% and the rate of penetration (ROP) increased by 152%. Fig. 10 shows that the drillability of rock increased with well depth and decreased with an increase in the vibration excitation frequency.
Large size drill bit
In order to further analyze the effect of high frequency vibration on rock fragmentation, a large size drill bit with a diameter of 100 mm was used to drill a natural gray siltstone. The drilling pressure was 15 kN, the rotary speed was 120 rpm, the excitation frequency was 800-1,800 Hz, and the excitation mass was 100 kg. The experimental results are shown in Table 2 The rates of penetration (ROP) of 4 rock samples (samples 7#-10#) were very close to each other (2.12, 2.15, 2.16, and 2.11 cm/min, respectively) when no harmonic vibration was applied on the rock samples. However, when the harmonic vibration was introduced, the ROP increased with an increase in the excitation frequency from 800 Hz and the ROP achieved a maximum value at a vibration frequency of 1,400 Hz (Fig. 13) . The ROP increased by 93%-106%. This showed that the ROP was not only affected by the excitation mass, but also by the excitation frequency. Fig. 14 shows that the ROP of the large size drill bit increased with an increase in rotary speed. The large size drill bit achieved the highest ROP at a vibration frequency of 1,400 Hz. The ROP of the bit increased linearly with rotary speed when no vibration was applied on the rock sample and increased approximately exponentially when harmonic vibration was applied. When the rotary speed was approximately 200 rpm, the rate of increase of ROP reduced. The bit ROP increased by 144% at 200 rpm and 1,400 Hz, compared with drilling a hole when no excitation was applied. Fig. 15 shows the rock fragmentation mechanism due of rock vibration, if no crack exists on the rock surface, the curve shape of harmonic vibration excitation which is affected by the rock at the bottom is shown in Fig. 2 . It is namely the original amplitude-frequency curve path. This does not accord with practical drilling obviously. In the process of percussive-rotary rock cutting, the rock at the bottom of the hole fractures at any time due to vibration excitation. The more the number of cracks, the smaller the elastic modulus will be. Therefore, the natural vibration frequency of rock affected by cracks formed on the rock can be analyzed by the following equation (Yang et al, 2007) :
where L S is the crosssectional area of the rock sample, m 2 L y is the length m and a Therefore, when the cracks in the rock are long, the rock resonant frequency is low, and then the amplitude of rock vibration may decrease, as shown in Fig. 15 . The natural rock sample resonant frequency does change in the process of rock fragmentation. In order to make the rock resonate during rock fragmentation it is necessary to determine the appropriate frequency of the harmonic vibration, as shown in Fig. 15 .
In practice, the harmonic generator is installed on the top of the drill bit as a nipple. The excitation vibration is transferred to the rock through the drill bit, which does not directly affect the upper drilling assembly. So the excitation frequency is not affected by the drilling assembly, but the impact-vibration response of rock is affected directly by the excitation mass and the device structure. decreased by 25.6% and the rate of penetration (ROP) increased by 152%.
2) The ROP of the micro PDC bit increased gradually with harmonic vibration frequency and achieved a maximum value at 1,400-1,500 Hz. The ROP increased by 93%-106%.
3) The ROP of the large size drill bit increased with rotary speed. It reaches a max value at a frequency of 1,400 Hz and its curve follows a power law. When the rotary speed approximated to 200 rpm, the rate of increase of ROP reduced.
4) The natural frequency of the rock sample was changing in the process of rock fragmentation. In order to make the rock resonate, it is necessary to determine the appropriate harmonic vibration frequency. 
Conclusions
1) Experimental results show that the rock drillability decreased gradually with an increase in the harmonic vibration frequency during drilling with a micro PDC bit. At a vibration frequency of 1,500 Hz, the rock drillability
